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(g) Method of target generation for multilevel hierachical circuit designs. 

@ Generating delay targets for creating a mul- 
tilevel hierarchical circuit design by providing a 

hierarchical design description and delay con- FIG 3 

straints of the circuit design ; generating a net 
measure for each net and macro cell of the 
circuit design, and generating an abstract delay 
model for each macro cell of the circuit design ^ 
based on the design description, wherein net 
measure is the estimated resistive-capacitive 
delay of a net derived from the estimated length 
of the net based on area-driven design, and an 
abstract delay model is a description of delays 45 , 
through a macro cell ; generating delay targets 
for the nets and macro cells based on the net 
measures, the abstract delay models and the 
delay constraints; and creating the circuit de- 
sign based on the delay targets. 
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The present invention relates generally to meth- 
ods of target generation for creating circuit designs 
and, more particularly, to such a method for creating 
a multilevel hierarchical circuit design. 

The goal of timing-driven layout, such as floor- s 
planning, placement, wiring, etc., is to perform the 
layout design process such that the design satisfies 
the particular timing constraints specified by the de- 
signer. In the most general case, the timing constraint 
information is specified to the timing-driven layout 10 
tools in the form of arrival times for signals at the in- 
puts of the design, and required arrival times for sig- 
nals at the outputs of the design. 

Timing-driven design tools generally deal with 
timing constraints in one of three ways or some vari- 15 
at ion thereof, namely, basing the design on path de- 
lay, net weight, or net delay. A net is an electrical con- 
nection of physical pins and/or logical input/output 
ports of electronic components. 

Path delay based tools consider timing con- 20 
straints on specified timing paths in the design, and 
perform the design process so as to satisfy these 
constraints. The constraints are generally in the form 
of maximum and/or minimum resistance-capacitance 
(RC) delay through a path. Theoretically, a timing 25 
constraint could be specified for every input-output 
path in the design. However, the number of such 
paths increases exponentially with the size of the de- 
sign and, in practice, only a limited subset of paths 
can be effectively processed by conventional timing- 30 
driven tools. Thus, for large designs, it is impractical 
to monitor all paths in a design during the design proc- 
ess. In this regard, the cost can be reduced by moni- 
toring a subgraph of the design containing several 
paths rather than monitoring the individual paths. 35 

Net weight based methods consider weight fac- 
tors for the nets. These weightfactors indicate the rel- 
ative importance of each net with respect to timing. 
Net weight based methods attempt to shorten nets 
having higher weights, thus reducing their delay, at 40 
the expense of other nets with lower weights. How- 
ever, net weight based methods cannot guarantee 
meeting the overall timing constraints and, generally, 
must be run several times, adjusting the net weights 
with each run, in order to converge on the required 45 
timing for a particular design. 

Net delay based tools consider targets, namely, 
resistance (R), capacitance (C) and resistance-ca- 
pacitance (RC), on individual nets in the design and 
perform the design process so as to satisfy these tar- so 
gets. Typically, the individual net targets are generat- 
ed based on the overall design constraints such that 
if every net target is met, the overall design will meet 
the timing goals. Net delay based approaches are 
able to monitor all nets in a design during the design 55 
process with relatively low computation cost. How- 
ever, the effectiveness of the tool hinges on how the 
net targets are generated. 
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Existing target generation approaches apportion 
the delay specified on a path, which consists of sev- 
eral nets, as individual RC delay targets on the con- 
stituent nets. Generally, conventional target genera- 
tion approaches follow the basic principles of target 
generation, but each may differ with respect to varia- 
tions on the set of timing paths generated, and the 
way in which the delay on a path is apportioned to its 
constituent nets. See, for example, W.K. Luk, "A Fast 
Physical Constraint Generator for Timing Driven Lay- 
out", 28th ACM/IEEE Design Automation Conference, 
Paper 37.3, June 1991, pp. 626-631 ("the Luk pa- 
per"); and H. Youssef and E. Shragowitz, "Timing 
Constraints for Correct Performance", Proc. ICCAD, 
November 1 990, pp. 24-27 ("the Youssef and Shrago- 
witz paper"). 

In accordance with conventional target genera- 
tion approaches, the input is the timing constraints on 
the design, and the output is the targets on the nets. 
Typically, the procedure begins by setting all initial 
targets on all nets to zero, and then proceeding with 
the following steps: 

1. Run timing analysis on the logic network. This 
step takes into account the targets generated in 
the previous iteration of the repeat loop, and gen- 
erates (i) a set of timing paths (each consisting of 
a sequence of timing nodes), and (ii) a slack val- 
ue for each path. Slack is the amount of delay that 
can be added to a path without affecting the per- 
formance of the design; 

2. Apportion the slack values on the paths to the 
nets contained in these paths. This step is carried 
out differently in different target generation ap- 
proaches. In general, this step takes into account 
information such as existing targets on the nets, 
loading on the nets due to the cells they are con- 
nected to, the sensitivity of the net delays to 
changes in capacitance and resistance, etc.; and 

3. Repeat steps 1 and 2 until all path slacks are 
zero or sufficiently near zero. In practice there 
may be an upper bound on the number of itera- 
tions after which the algorithm must exit. The tar- 
gets on the nets thus generated are then passed 
on to placement/wiring programs. 

Explained in another way, in essence, conven- 
tional target generation processes transform timing 
constraints on a design into timing constraints on the 
nets within the design, where the cells that are con- 
nected together by the nets are fixed predesigned en- 
tities (library cells or standard cells) that have known 
delays. This is illustrated in FIG. 1 which shows one 
critical path through a chip 10 from an input pin P1 to 
an output pin P2. The path is made up of six nets, ni- 
ne, and five standard cells, c1-c5. Assuming that 
there is a positive slack S on this path as determined 
by timing analysis, i.e., S units of delay can be added 
to this path without affecting the performance of the 
design, the target generation algorithms apportion 
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the slack value S among the nets n1-n6, and accord- 
ingly modify the R, C and RC targets on these nets 
to reflect this apportionment. Note that this is a simple 
example with a single critical timing path. In general, 
there are many critical timing paths that intersect 5 
each other, and the targets assigned to a given net 
must be based on the slacks on all the timing paths 
to which it belongs. 

Thus, conventional approaches for target gener- 
ation work with "flat" designs in which the cells that 10 
the paths pass through are predesigned entities with 
fixed delays. However, in so-called multilevel hier- 
archical circuit designs, this condition may not hold 
since the cells themselves are made up of hierarchi- 
cal entities whose internals have not yet been de- 15 
signed. Generally, a multilevel hierarchical circuit de- 
sign refers to an electronic design whose representa- 
tion has a containment hierarchy, i.e., the entire de- 
sign is made up of a cell, which in turn contains child 
cells connected to each other by nets. Each cell is 20 
either a standard cell, which means that it is a prede- 
signed cell taken from a standard cell library, or a 
macro cell, which means it contains one or more child 
cells. The children of macro cells may be standard 
cells or themselves macro cells. The current hierachy 25 
level refers to the particular level of design hierarchy 
at which the physical design is being carried out at a 
given time. 

Referring to FIG. 2, in a multilevel hierarchical cir- 
cuit design, there may be several levels of hierarchy 30 
between the top level entity of a design hierarchy, for 
example, chip 12, and the predesigned leaf level en- 
tities, for example, standard or library cells c6-c9, for 
which delay models are available. Thus, the top level 
entity or chip 12 of the hierarchy can be made up of 35 
macro cells, ml and m2, that have not yet been de- 
signed. The lower-level cells c6-c9 (which may be 
standard cells or macro cells themselves) within the 
macro cells m1,m2 have not been placed and wired, 
and hence there are no fixed timing models available 40 
for the macro cells ml ,m2. In order to use convention- 
al techniques of target generation on the design of 
FIG. 2, the hierarchy would have to be "flattened", i.e., 
the boundaries of the hierarchical macro cells m1,m2 
would have to be removed. Target generation could 45 
then be carried out on the flattened design to derive 
targets on the nets. 

Existing target generation approaches described 
above cannot be used on multilevel hierarchical cir- 
cuit design for several reasons, as follows: so 

- Conventional target generation approaches 
assume that each cell in the design is a prede- 
signed standard cell with fixed timing proper- 
ties; 

- Even if target generation was carried out using 55 
conventional target generation on the flattened 
design, i.e., with the macro cell boundaries re- 
moved, the resulting net targets would not be 



directly useful. Specifically, the target as- 
signed to any wire that crosses a macro cell 
boundary would still have to be apportioned to 
the two subnets, one outside and one inside 
the macro cell, because only the former is visi- 
ble to a hierarchical floorplanner when it is 
working on the upper level of the hierarchy. For 
example, nets n7 and n8 in the hierarchical de- 
sign illustrated in FIG. 2. 
- The f loorplanning process being utilized would 
generally result in a layout in which nets within 
a macro cell have lower average length than 
nets crossing macro boundaries. Existing tar- 
get generation approaches working on the 
"flattened" design would not take advantage of 
this to proportionately distribute wire delays. 
Another disadvantage is that such flattening de- 
feats the purpose of hierarchical design and requires 
the whole flattened design to be processed at once, 
which requires prohibitive amounts of memory and 
computation time for large designs. Further, in using 
this flattening approach, all nets are given equal 
weightage in "apportioning" delays among them, thus 
"local" nets, within macros such as ml, that have a 
lower average length cannot be distinguished from 
"global" nets across the whole chip that have a higher 
average length. 

Accordingly, an improved target generation ap- 
proach is required, particularly for multilevel hierarch- 
ical circuit designs. 

Generally, the present invention relates to a 
method of generating delay targets (or budgets) for 
creating a multilevel hierarchical circuit design, com- 
prising the steps of providing a hierarchical design de- 
scription and delay constraints of the multilevel hier- 
archical circuit design, wherein the hierarchical de- 
sign description describes the interrelationship be- 
tween cells, including macro cells, input/output ports 
and nets in the multilevel hierarchical circuit design; 
generating a net measure for each net and macro cell 
of the multilevel hierarchical circuit design and gener- 
ating an abstract delay model for each macro ceil of 
the multilevel hierarchical circuit design based on the 
hierarchical design description, wherein net measure 
is the estimated resistive-capacitive delay of a net de- 
rived from the estimated length of the net based on 
area-driven design, and an abstract delay model is a 
description of delays through a macro cell; generating 
delay targets for the nets and macro cells based on 
the net measures, the abstract delay models and the 
delay constraints; and creating the multilevel hier- 
archical circuit design based on the delay targets. 

These and otherfeatures, aspects and advantag- 
es will be more readily apparent and better under- 
stood from the following detailed description of the in- 
vention, in which: 

FIG. 1 shows a chip having a path from an input 
pin to an output pin; 
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FIG. 2 shows a multilevel hierarchical circuit de- 
sign; 

FIG. 3 is a high-level flowchart illustrating target 
generation in accordance with the present inven- 
tion; 

FIG. 4 is a flowchart illustrating generation of net 
measures and abstract delay models for nets and 
macro cells in accordance with block 16 of FIG. 

3; 

FIG. 5 is a flowchart illustrating determination of 
net measures of all nets in a macro cell in accor- 
dance with block 24 of FIG. 4; 
FIG. 6A shows a cell having an input port and an 
output port and the longest delay path therebetw- 
een; 

FIG. 6B shows a cell having a macro cell therein, 
and an input port and an outport port, with the lon- 
gest delay path therebetween; FIG. 7 is a flow- 
chart illustrating determination of delays and net 
measures at latched input/output ports of a mac- 
ro cell in accordance with block 35 of FIG. 4; 
FIG. 8 is a flowchart illustrating generation of de- 
lay targets for nets and macro cells in accordance 
with block 18 of FIG. 1; 

FIG. 9 is a flowchart illustrating determination of 
path slacks and path weights in accordance with 
block 108 of FIG. 8; and 

FIG. 1 0 is a flowchart illustrating determination of 
path slacks and path weights in accordance with 
block 110 of FIG. 8. 

The term multilevel hierarchical circuit design as 
used herein is defined as a cell, known as the top-lev- 
el cell, having data input and output ports at which 
data signals enter and exit the circuit design. The mul- 
tilevel hierarchical circuit design is comprised inter- 
nally of: (i) cells contained within the top-level cell, 
known as child cells of the top-level cell, the top-level 
cell being the parent cell of these child cells, and each 
child cell having its own input/output ports, and (ii) 
nets that provide electrical connections between the 
input/output ports of the child cells, as well as of the 
parent cell, wherein each child cell is either a standard 
or predesigned cell, or is itself comprised of its own 
child cells connected to each other by nets, in which 
case, it is known as a macro cell. Macro cell has the 
same definition as that of top-level cell. 

Further, a quantity termed herein as "net meas- 
ure" should be defined. Netmeasureof a net is the es- 
timated resistive-capacitive delay of the net derived 
from the estimated length of the net based on con- 
ventional area-driven design, i.e., an estimate of what 
delay a net would have if the design of the cell that 
contains it was carried out to minimize area with no 
timing-driven influence. Note that when a timing-driv- 
en design process is carried out, even if two nets 
have the same net measure, the design process may 
force wire length to be traded off between them be- 
cause one is more timing-critical than the other (i.e.. 



the critical net will tend to be shorter, and thus have 
less delay). 

The net measure associated with a driver-receiv- 
er port pair of a net is the predicted wire delay be- 
5 tween the port pair resulting from conventional area- 
driven design. This can be estimated by well-known 
statistical techniques. See, for example, W. E. Do- 
nath, "Wire Length Distribution for Placements of 
Computer Logic", IBM Journal of Research & Devel- 

10 opment, Vol. 25, No. 3, May, 1981, pp. 152-155. 

The net measure of a path consisting of nets in- 
terconnected with standard cells is the sum of the net 
measures for the nets in the path. For example, con- 
sider the path consisting of nets n7-n15 in FIG. 2. 

is Nets n9 and n13 have different net measures be- 
cause they are predicted separately based on statist- 
ical formulas associated with macro cells ml and m2, 
respectively. Further, the net measure of n7, n11 and 
n15 are determined separately based on statistical 

20 formulas applied to the top level cell, i.e., the chip 1 2. 
In general (but not necessarily), nets at the same lev- 
el of the hierarchy within the same cell have the same 
estimated net measure. Thus, the net measure for the 
path from input P3 to output P4 in FIG. 2 is the sum 

25 of the net measures of net n7-n1 5. 

If a path passes through a child macro cell, the 
net measure for the associated input-output port pair 
of the child macro cell must be determined and includ- 
ed in the path's net measure. The net measure for an 

30 input-output port pair of a macro cell is the cumulative 
net measure value along the longest delay path be- 
tween the two ports. 

The net measure for a port pair, P x ,P y , which 
could be a source/sink port pair of a net or an in- 

35 put/output port pair of a macro cell, is denoted herein 
by the term NM(P x ,P y ). 

Net measures of nets and paths are used in tar- 
get generation in accordance with the present inven- 
tion. The method for computing the net measure is re- 

40 cursive. In other words, wherever a path passes 
through a macro cell, the net measure is first deter- 
mined recursively for the macro cell and then used for 
the path. 

Referring now to FIG. 3, at block 14, in accor- 
45 dance with the present invention, the particular hier- 
archical design description and delay constraints of 
the multilevel hierarchical circuit design are the re- 
quired inputs for generating delay targets for creating 
the multilevel hierarchical circuit design. The hier- 
50 archical design description describes the interrela- 
tionship between cells, including macro cells, ports 
and nets in the multilevel hierarchical circuit design. 
The leaf cells in the hierarchy of the design (i.e., the 
lowest-level child cells) are assumed to be standard 
55 ceils or cells for which delay models are available. A 
delay model for a cell specifies the signal propagation 
delay for each input/output ("I/O") port pair of a cell, 
either as a constant value or as a function of the total 
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capacitive load at the output port. It is assumed that 
standard cells that contain storage elements (latches 
orf lip-flops) are identified in the input design as such, 
and such cells are referred to herein as latch cells, 
and the remainder are referred to as non-latch or com- 5 
binational cells. The delay constraints are expressed 
in the form of: 

- signal arrival times ("ATs") at the primary in- 
puts of the design, and the required arrival 
times ("RATs") at the primary outputs of the w 
design; 

- either sufficient information about the clocking 
scheme (such as clock period, latch setup/hold 
times, timing diagrams specifying clock signal 
relationships, etc.) for deriving the maximum 15 
allowed delay from any latch output to any latch 
input through non-latch combinational cells, or 
ATs at all latch outputs and RATs at all latch 
inputs; and 

- optionally, ATs and RATs specified at arbitra- 20 
ry internal points of the design as part of the 
delay constraints. 

At block 16, a net measure is generated for each 
net and macro cell in the design hierarchy, and an ab- 
stract delay model is generated for each macro cell in 25 
the design hierarchy (excluding the top-level macro 
cell). An abstract delay model is a high-level descrip- 
tion of the cumulative delays through a macro cell. 
Next, at block 18, delay targets are generated for the 
nets and macro cells in the design based on their rel- 30 
ative net measure values, the abstract delay models 
of the macro cells, and the delay constraints. The 
process then ends at block 20. Detailed descriptions 
of blocks 16 and 18 are provided hereinbelow. 

Each delay target generated takes the form of a 35 
time interval associated with a port pair of a net 
(source/sink) or macro cell (input/output); the time in- 
terval represents the maximum allowed propagation 
time for a signal between the two ports. 

The delay targets generated for the nets and 40 
macros are passed, for example, to physical design 
tools. For each net in the design, its delay target can 
also (optionally) be converted into and expressed as 
a wire length target. State-of-the-art physical design 
tools (placement, wiring, etc.) are capable of perform- 45 
ing the design process while attempting to meet such 
targets on net delays or lengths. If the physical design 
process succeeds in meeting the individual targets on 
all nets in the design, the entire hierarchical design is 
guaranteed to meet its overall delay constraints. 50 

In effect, the hierarchical target generation proc- 
ess enables the physical design to be performed in a 
timing-driven manner, so as to meet the overall timing 
constraints by converting these overall timing con- 
straints into delay targets on the individual design en- 55 
tities (nets and macro cells), which state-of-the-art 
physical design tools are capable of handling. 

Details of block 16 for generating net measures 



and abstract delay models for nets and macro cells 
are shown in FIG. 4. The term "latched input port" as 
used herein refers to an input port of a macro cell for 
which there exists a path beginning at such input port, 
traversing nets and child cells at this level or at lower 
levels of the hierarchy, and ending at a latch or flip- 
flop. Similarly, the term "latched output port" is used 
herein analogously to the term "latched input port", 
except that "latched output port" refers to a path start- 
ing at a latch and ending at this port of the cell. Fur- 
ther, the term "combinational path" refers to a se- 
quence of nets and non-latch cells in which, for every 
input/output port pair of a non-latch cell that the path 
passes through, there is a "delay segment", i.e., an 
associated delay value stored for that port pair in the 
delay model of the cell (which implies that a signal can 
propagate between those two ports). The term "path" 
is synonymous with "combinational path". The delay 
on a path consists of the sum of the delays along the 
nets and cells it passes through, plus the delay values 
on its beginning and ending ports, if any. With refer- 
ence to FIG. 4, initially, a macro cell mi in the design 
is selected or accessed at block 22 such that all of its 
child cells are standard cells having predefined delay 
models. In general, macro cell mi (other than the top 
level cell) is selected and processed only when all its 
child macro cells (if any) have already been process- 
ed. This is essentially a bottom-up order of process- 
ing the macro cells. 

At block 24, the net measures of all nets within 
the macro cell m, (i.e., the nets that interconnect the 
child cells of macro cell m,) are determined. Refer- 
ence is now made to FIG. 5, which provides a detailed 
method of determining net measures in accordance 
with block 24. The manner in which the net measures 
are determined depends on the state of the physical 
design process at the current hierarchy level. At block 
44, it is determined if placement of the cells and wiring 
of the nets at the current level have already been car- 
ried out, i.e., it is determined if the net has a known 
path. If the answer is "YES", then every net already 
has a known path and, at block 46, the net measure 
for each connection (source-sink port pair) is deter- 
mined as the RC (resistive-capacitive) delay for the 
wire path between the source and sink. This calcula- 
tion can be performed by well known methods. See, 
for example, J. Rubinstein, R Penfield, Jr., M.A. Hor- 
owitz, "Signal Delay in RC Tree Networks", IEEE 
Transactions on Computer-Aided Design, Vol. CAD- 
2, No. 3, July 1983. If wiring of the nets at the current 
level have not been carried out, then a determination 
is made at block 48 as to whether placement of the 
child cells has already been carried out, in which case 
the approximate locations of the end-points of the 
nets are already known. If the answer is "YES", then 
at block 50, a topology is first determined for each net, 
preferably in the form of a topology known as the 
Steiner tree (see, for example, F.K. Hwang, "On Stein- 
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er Minimal Trees with Rectilinear Distance", SIAM J. 
Appl. Math., Vol. 30, No. 1 , January 1976; and, M. Ha- 
nan, "On Steiner's Problem with Rectilinear Dis- 
tance", J. SIAM Appl. Math., Vol. 14, No. 2, March 
1966), and the RC delays are then estimated for 5 
these topologies. If the approximate locations of the 
end-points of the nets are not already known, i.e., the 
answer to the determination at block 48 is "NO", then 
at block 52, a check is made to determine if there are 
previously stored or specified net measure values for 1 o 
the nets, in which case these values are utilized at 
block 54. This situation may arise if the entire target 
generation process is applied in an iterative manner. 
Finally, if no previous values are stored, an average 
connection length L is determined at block 56 for all 15 
the nets in the macro cell mi based on the physical 
and logical characteristics of the macro ceil nrij. See, 
for example, W. E. Donath, "Wire Length Distribution 
for Placements of Computer Logic", IBM Journal of 
Research & Development, Vol. 25, No. 3, May, 1981, 20 
pp. 152-155, for discussion on such determination of 
average connection length. For this average connec- 
tion length L, an RC delay is calculated at block 58 
and used as a net measure value for all the nets. Ev- 
ery net measure determined for a source-sink port 25 
pair, P x ,P y , of a net is stored as a net measure for the 
net, NM(P Xf P y ). 

Referring again to FIG. 4, blocks 26 through 34 
constitute an inner iteration loop in which an abstract 
delay and a net measure are determined for every in- 30 
put/output port pair of macro cell m,. Accordingly, an 
input/output port pair (P x ,P y ) is selected at block 26. 
For the input/output port pair (P XI P y ), the longest-de- 
lay combinational path from P x to P y within the macro 
cell mi is determined at block 28. This path is selected 35 
among all combinational paths from P x to P y consist- 
ing of contiguous nets and non-latch cells. The delay 
along a path consists of the sum of the delays on its 
constituent nets and cells. The delay of a net is the 
net measure, which was determined at block 24, as- 40 
sociated with the specific source and sink ports of the 
net that the path passes through. The delay of a cell 
depends on whether it is a standard cell or a macro 
cell. The delay of a standard cell, for the input/output 
port pair that the path of interest passes through, is 45 
available in the form of a delay model which was input 
at block 14. The delay through a macro cell is obtained 
from the abstract delay model which should have 
been determined in an earlier iteration of the loop for 
the macro cell m,. Thus, the longest-delay path from 50 
P x to P y can be derived using conventional graph- 
theoretic methods on a directed graph whose vertices 
represent the ports of the macro cell m f and each of 
whose arcs (labeled with delay values corresponding 
to arc length) represents either a source-sink connec- 55 
tion in a net or an input-output signal propagation 
through a cell. If such a path PCxy exists between P x 
and P y , the delay on PC^ is stored as a delay segment 



of the abstract delay model of the macro cell m, as De- 
lay(P x ,P y ). 

Next, at block 30, the portion of the delay along 
the longest delay path PC^ that was determined at 
block 28 that is due to net delays is determined. This 
is determined by traversing the longest path PC^, if 
any, and adding up the net measures NM(P a ,P b ) for 
the port pairs (P a ,P b ) of the nets and macro cells in the 
path. This value is stored as the net measure value 
between ports P x and P y of the macro cell m, as 
NM(P x ,P y ). 

More specifically, for a cell that has only standard 
library cells as its children, the net measure from a 
given input port to a given output port is the sum of 
the net measures of the source-sink connection pairs 
of the nets in the longest delay path between the two 
ports. For example, referring to FIG. 6A, assuming 
that the longest delay path between ports P5 and P6 
is made up of nets n16, n17, n18, n19 and n20, then 
the net measure between port P5 and port P6 is the 
sum of the net measures of the such nets. Referring 
to FIG. 6B, for a cell that has macro cells within it, i.e., 
there are child cells that are not themselves standard 
library cells, the longest delay path may pass through 
macro cells, for example macro cell m3. In this case, 
the net measure is defined in a slightly modified man- 
ner. If the longest path between port P7 and port P8 
is made up of nets n21, n22, n23 and n24, and the 
path between ports P9 and P10 of the macro cell m3, 
then the net measure between ports P7 and P8 is the 
sum of the net measures of these nets n21 , n22, n23 
and n24, as well as the net measure between ports 
P3 and P4 of the macro ceil m3. Thus, the net meas- 
ure in such a case is defined as the sum of the net 
measures of the nets as well as of the macro cells that 
the longest-delay path passes through, as indicated 
above. 

As evident from FIGS. 6A and 6B, net measure is 
defined recursively for a hierarchical design. In other 
words, the net measure of a macro cell (between a 
given pair of its ports) depends on the net measures 
of its child cells that are macro cells, hence the latter 
needs to be determined first. Thus, the computation 
of net measures needs to be carried out in a bottom- 
up traversal of the hierarchy. 

Referring again to FIG. 4, subsequent to deter- 
mining the net measure of the longest delay path at 
block 30, a determination is then made at block 32 as 
to whether or not there are more input/output port 
pairs of m, that need to be processed. If there are 
more input/output port pairs that need to be process- 
ed, then the next input/output port pair is accessed at 
block 34, and processing in accordance with blocks 
28-32 continues. However, If there are no more in- 
put/output port pairs that need to be processed, then 
an abstract delay value and a net measure value are 
now available (if they exit) for every input/output port 
pair of the macro cell m t . In addition, a net measure 
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value is available for every source/sink port pair of ev- 
ery net in the macro cell ni|. 

Delay segments and net measures have thus 
been determined for all I/O ports pairs of the macro 
cell m, that are connected by combinational logic. 5 
Next, at block 35, the delays and net measure values 
are determined for I/O ports of macro cell mj that are 
connected to latches. 

Reference is now made to FIG. 7, which provides 
a detailed method of determining delays and net 10 
measures in accordance with block 35. The delay 
data for the latched input and output ports of macro 
cell m, must be determined. At block 59, an input port 
P x of m, is selected. At block 60, the longest delay 
combinational path PC*, if any, is determined. This 15 
combinational path PC X is a path from the input port 
P x to either a data input port of a child latch cell of 
macro cell m,, or a latched input port of a macro child 
cell of macro cell m,. If such a combinational path PC X 
is found, then P x is itself a latched input port of macro 20 
cell m,. In such case, a value Delay(P x ) is stored in the 
abstract delay model of macro cell m, f and consists of 
the delay on PC X , if PC* ends at a latch cell, or the de- 
lay on PC X plus the previously stored value Delay(P a ) 
if PC X ends at a latched input port P a of a macro cell. 25 
In both cases, DelayfPJ represents the total delay 
from P x to the latch within m, that is "farthest" from it 
in the delay sense. 

At block 62, if a path PC X was found at block 60, 
then the net measure values along this path are add- 30 
ed together, along with the value of NMfP*) if PC* 
ends at a latched input port P a , and stored as NMfPJ. 
Next, if it is determined at block 64 that there are more 
input ports P x for which delay data must be deter- 
mined, then the next P x is accessed at block 66, and 35 
processing continues to block 60. However, if it is de- 
termined at block 64 that there are no more input 
ports P x for which delay data must be determined, the 
procedure continues to block 68. At block 67, an out- 
put port P y of m, is selected. At blocks 68 and 70, sim- 40 
ilarly to blocks 60 and 62 for input ports P x , for each 
latched output port P y of the macro cell m fl the longest 
delay combinational path PC y , if any, is determined 
and stored as Delay(P y ) in the abstract delay model 
of macro cell m,, and a net measure value NM(P y ) is 45 
also stored for macro cell m,. 

Referring again to FIG. 4, the macro cell m, is then 
marked as processed at block 36. 

A determination is then made at block 38 as to 
whether there are any macro cells mj other than the 50 
top level cell that were not processed. If it is deter- 
mined at block 38 that there are more macro cells m, 
that need to be processed, then another such unpro- 
cessed macro cell is accessed or selected at block 40, 
and processing continues. However, If it is deter- 55 
mined at block 38 that there are no more macro cells 
that need to be processed, then the procedure con- 
tinues to block 42. 



At the point when the procedure reaches block 
42, net measures have been determined for all nets 
and macro cells in the design hierarchy, except the 
nets at the top hierarchy level. At block 42, the net 
measures are now determined for these nets using 
the same procedure as outlined for block 24 in con- 
junction with FIG. 5. 

Reference is now made to FIG. 8, which provides 
a detailed method of generating delay targets for nets 
and macro cells in accordance with block 18. The de- 
lay targets are generated for the individual nets and 
macro ceils of the design based on the net measures 
and abstract delay models obtained from block 16 
and the overall delay constraints specified for the de- 
sign. At block 100, all macro cells are marked as un- 
processed, and the top level macro cell in the design 
hierarchy will be the initial macro cell accessed and 
processed. The variable mj will represent the current 
macro cell, i.e., the macro cell being processed at any 
given time. At block 102, for all child cells of m, that 
are latch cells and do not already have ATs and RATs 
available for their output and input ports, respectively 
(see description of data input to the algorithm), ATs 
are asserted on, or stored in association with, the out- 
put ports of the ceil, and RATs are asserted on the 
input ports of the cell. The values of the ATs and 
RATs are determined by the clocking scheme in the 
design and the delay constraints. Thus, for a single 
clock design, the RAT values are equal to the clock 
period, (ignoring latch setup and hold times) and the 
AT values are equal to zero. 

At block 104, for each macro cell child of mj that 
has a latched input/output port, an AT is determined 
for each such latched output port, and a RAT is deter- 
mined for each such latched input port These are de- 
termined based on the clocking scheme, the abstract 
delay models of the child macro cells, and the delay 
constraints of the design. Thus, for a single clock de- 
sign, the RAT value on a latched input port P,, RAT(P,), 
is the clock period minus Delay(P t ); the AT value on a 
latched output port Pj, AT(P,), is Delay(Pj). 

Next, two sets of ports, Pbegin and P END , are de- 
rived at block 106. Pbegin *s the set of all ports of mj 
and its children that have arrival time values stored 
or specified for them. P END is the set of all ports of mj 
and its children that have required arrival time values 
stored or specified for them. These two sets of ports, 
Pbegin ar| d Pend- will be used as the starting and end- 
ing points of delay paths, respectively, in which delay 
targets will be generated. 

At block 108, path weights and path slacks are 
derived at the ports in Pend* This is accomplished by 
a "forward pass" through the nets and macro cell chil- 
dren in macro cell m,. Preferably, the path slack and 
path weight for each net and each macro cell child of 
each macro cell is determined by setting arrival times 
and path weights for each net and each child cell of 
each macro cell based on arrival time and path weight 
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of the nets feeding each child cell and the child cells 
feeding each net, wherein the path weight of a net or 
child cell is the sum of its net measure and the max- 
imum path weight among the child celts or nets feed- 
ing it; and determining path slack of each net that has s 
a required arrival time specified therefor as the differ- 
ence between its arrival time and required arrival 
time. A detailed method of accomplishing this "for- 
ward pass" is provided in FIG. 9. Referring now to FIG. 
9 f at block 124, all the cells and nets in mj are initially 10 
marked as un visited, and for each source port P| in 
Pbegin, the "path weight" of P,, abbreviated as PW(P,), 
is set to zero. The "forward pass" now begins with 
loop parameter E, being set at block 126 to a net of mj 
that ss fed by a port in Pbegin- If it is determined at 15 
block 128 that E, is a net (which must be true for the 
first E,), then, at block 132, the signal arrival time 
("AT") at each sink of the net E, is updated by adding 
the AT at the source node to the net measure value 
of the corresponding source-sink port pair. Then, at 20 
block 1 34, for each source/sink port pair (P x , P y ) of the 
net E,, the path weight PW(P x ,P y ) is determined in ac- 
cordance with the formula: PW(Px) + NM(P x ,P y ), i.e., 
the path weight of the source port plus the net meas- 
ure (NM) associated with (P x , Py). Also, the path 25 
weight PW(P y ) is set to the same value PW(P x ,P y ). 
Note that the term PWfPJ or PW(P y ) for any port P x 
or P y , respectively, refers to the path weight value as- 
sociated with the port P x or P y , respectively, whereas, 
the term PW(P x ,P y ) for any port pair, P x ,P y , refers to 30 
the path weight value associated with the port pair 

If it is determined at block 128 that E, is a cell, and 
then determined at block 130 that E, is a standard cell, 
then, at block 1 36, the ATs at the output ports of the 35 
cell E| are updated based on the ATs at the input ports 
of E, using the delay model specified for the standard 
cell E|. Next, at block 138, for each connected in- 
put/output port pair (P x , P y ) of the cell E, for which the 
delay model of E[ contains a delay segment (which in- 40 
dicates that a signal can be fed or propagated from P x 
to P y so that the output signal at P y can be influenced 
by the input signal at PJ, the path weight PW(P x ,P y ) 
is set equal to PWfPJ. Also, for each such output port 
P y , the path weight PW(P y ) is set to the maximum val- 45 
ue of PW(P x ,P y ) for all input ports P x of the cell E, con- 
nected to P y by a delay segment 

If it is determined at block 128 that E, is a cell, and 
then determined at block 130 that E, is a macro cell, 
then, at block 1 40, the ATs at the output ports of the so 
cell E| are updated based on the ATs at the input ports 
of Ei using the abstract delay model constructed ear- 
lierforcell E,. Next, at block 142, for each input/output 
port pair (P x , P y ) of cell E, for which the delay model 
of E| contains a delay segment (which indicates that 55 
a signal can be propagated from P x to P y ), the path 
weight PW(P x ,P y ) is set to PW(P X ) + NM(P x ,P y ), where 
NM(P x ,P y ) is the net measure value associated with 



the delay segment. Also, for each such output port P y 
the path weight PW(P y ) is set to the maximum value 
of PW(P x ,P y ) for all input ports P x of cell E, connected 
to P y by a delay segment. 

The element E f is then marked as visited at block 
144. At block 146, a determination is made as to 
whether there are more net or non-latch cell elements 
in mj that have not yet been visited. If there are such 
elements that have not yet been visited, then, at block 
148, another element E, (net or non-latch cell) is ac- 
cessed or selected that has not yet been visited such 
that all elements feeding it have already been visited, 
and the procedure returns to block 128. Thus, a net 
is selected only when the cell (if any) connected to its 
source port has been visited, and a cell is visited only 
when all the nets connected to its input ports have 
been visited. 

If it is determined at block 1 46 that all net and non- 
latch cell elements in mj have been visited, then all 
nets and cells in mj have been processed. Subse- 
quently, at block 150, for each port P y in P END , the 
"path slack" of P y , abbreviated as PS(P y ), is set to 
RAT(P y ) - AT(P y ), i.e., the difference between the re- 
quired arrival time at P y (based on the clocking 
scheme and delay constraints on the design) and the 
actual signal arrival time at P r Note that the term 
PS(PJ or PS(P y ) for any port P x or P y , respectively, 
refers to the path slack value associated with the port 
P x or P y , respectively, whereas, the term PS(P x ,P y ) for 
any port pair, P Xf P y , refers to the path slack value as- 
sociated with the port pair P x ,P y . 

As such, a "forward pass" has been completed 
through the elements of m Jf and path weight and path 
slack values have been determined and assigned to 
the ports of m, and its children that belong to P END . 
Referring again to FIG. 8, the procedure then contin- 
ues to block 110. At block 110, a "backward pass" is 
carried out on the design from ports in Pend toward 
ports in Pbegin* during which path slack values and re- 
vised path weight values are assigned to each port 
visited. Preferably, determining path slack and path 
weight for each net and child cell is based on the path 
slack and path weight of the child cells and nets fed 
by the net, wherein the path slack of a net is the mini- 
mum path slack among the child cells fed by the net, 
and wherein the path weight of a net is the maximum 
path weight among the child cells fed by the net, and 
wherein the path slack of a child cell is the minimum 
path slack among the or nets fed by the child cell, and 
wherein the path weight of a child cell is the maximum 
path weight among the nets fed by the child cell. A de- 
tailed method of accomplishing this "backward pass" 
is provided in FIG. 10. 

With reference now to FIG. 10, each net and child 
cell of mj is initially marked as unvisited at block 152. 
At block 154, prior to proceeding with the iterative 
loop explained below, a net of mj that feeds only ports 
in Pend is selected, and denoted as element E ( . In 
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each iteration of the loop, element E, is either a cell 
or a net entity within mj. At block 1 56, for each port pair 
(P x , P y ) of element E,, where PJP y is either an in- 
put/output port pair connected by a delay segment (if 
element E| is a cell), or a source/sink port pair (if ele- 
ment E| is a net), an operation is carried out as follows: 
the path slack PS(P x ,P y ) is set to PS(P y ) and the path 
weight PW(P x ,P y ) is set to PW(P y ). Next, at block 158, 
for each port P x that is an input port (if element E, is 
a cell) or a source port (if element E| is a net), the fol- 
lowing operation is carried out the path slack value 
PS(PjJ is set to the minimum value of PS(P X( P y ) 
among all output/sink ports P y of element E, connect- 
ed to P x , and the path weight value PW(PJ is set to 
the maximum value of PW(P x ,P y ) among all output- 
/sink ports P y of element E, connected to p x . Finally, 
at block 160, element E, is marked as visited, and if it 
is determined at block 162 that there are more un vis- 
ited non-latch elements E ( , then another unv is ited net 
or non-latch cell element E, is selected at block 164 
such that all non-latch cell or net elements that it 
feeds are already visited, and the loop is repeated. At 
the end of the iteration, path slacks and path weights 
have been determined for all nets and macro cells in 
mj. 

Next, referring again to FIG. 8, at block 112, delay 
apportionment is now carried out For each port pair 
( p x» Py) corresponding to a source/sink pair of a net 
or an input/output pair of a macro cell connected by 
a delay segment, the delay apportioned to the port 
pair(P x , P y ) is determined as: NM(P x ,P y ) + [NM(P x ,P y ) 
* PS(P x ,P y ) / PW(P x ,P y )]. The resulting values are the 
desired delay targets for the nets and macro cells at 
the current hierarchy level. 

In order to be able to generate delay targets for 
lower hierarchy levels, delay constraints are needed 
for the macro cells in the same form as they were pro- 
vided by the user for the top-level cell. These delay 
constraints take the form of ATs and RATs at the in- 
puts and outputs of each macro cell, respectively. 
These ATs and RATs are generated at block 114 
based on well-established static timing analysis 
methods, such as described by R.B. Hitchcock, Sr., G. 
L. Smith and D. D. Cheng, in "Timing Analysis of Com- 
puter Hardware", IBM Journal of Research & Devel- 
opment, Vol. 26, No. 1, January 1982, pp. 100-105. 
Generally, in accordance with these static timing ana- 
lysis methods, the ATs at the input ports of the cur- 
rent hierarchy level are propagated forward in a lev- 
elized fashion towards the macro cell input ports, add- 
ing on the delays that the signals encounter on the 
way. For nets and macro cells the delay targets pre- 
viously determined are used, and for standard cells 
the prespecified delay models are used. The RATs 
are propagated backwards in a similar way from the 
outputs ports of the current hierarchy level towards 
the macro cell output ports, this time subtracting the 
delays encountered on the way. The ATs and RATs 



determined in this way on the macro input and output 
ports, respectively, are asserted as the delay con- 
straints on the macros. 

Subsequently, at block 116, mj is marked as hav- 

5 ing been processed. At block 118, if it is determined 
that there are macro cells that have not yet been proc- 
essed, then another macro cell mj is selected at block 
1 20 that has delay constraints already asserted on its 
ports but for which internal delay targets have not yet 

10 been determined, and the procedure loops back to 
block 102. 

The result of block 18 in FIG. 3 is a design hier- 
archy in which delay targets have been generated for 
all nets and macro cells in the hierarchy. These tar- 
ts gets can then be used for target-driven physical de- 
sign processes such as f loorplanning, placement and 
wiring. The delay targets can also be converted into 
capacitance, resistance and/or wire length targets de- 
pending on the needs of the physical design pro- 

20 grams. These conversions are straight-forward and 
essentially consist of computing capacitance/resis- 
tance/wire length values for each net that result in 
equivalent delay values associated with the net delay 
targets. See, for example, the Luk paper. If the phys- 

25 ical design process is able to successfully meet all the 
delay targets, the design will meet its delay con- 
straints. This follows from the proof of correctness of 
the technique presented in the Youssef and Shrago- 
witz paper; and the method illustrated herein is an ex- 

30 tension or improvement of the technique presented in 
the Youssef and Shragowitz paper. 

The steps covered by blocks 100 through 162 il- 
lustrate the extension or improvement of the non-hh 
erarchical target generation algorithm presented in 

35 the Youssef and Shragowitz paper. However, the 
steps in accordance with the invention can be modi- 
fied so as to be an extension or improvement of other 
non-hierarchical target generation algorithms, such 
as the one presented in the Luk paper. Generally 

40 speaking, irrespective of the details of the specific al- 
gorithm used for carrying out the apportionment of 
delays to nets and cells, in accordance with the pres- 
ent invention, (1) apportioning is carried out simulta- 
neously on nets and hierarchical macro cells, and (2) 

45 a net measure is used to uniformly determine the rel- 
ative delay "demand" between nets as well as macro 
cells. 

Generally speaking, physical design programs 
are not always able to meet the delay targets on every 

so single net in the design. This applies to the prior art 
(when applied to non-hierarchical designs) as well as 
the present invention. However, the violation of a de- 
lay target on a particular net may be compensated for 
by another net whose actual delay is well within the 

55 delay target Thus the design may be able to meet the 
overall delay constraints even if each individual delay 
target is not met 

The delay targets generated by any target gener- 
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ation method are generally sufficient for the design to 
meet its constraints. However, for designs that are 
tightly constrained by timing requirements, it is gen- 
eral practice among designers to carry out several 
iterations of the target generation process to "loosen" 
some of the individual delay targets that are less crit- 
ical while still guaranteeing that they are sufficient to 
meet the overall delay constraints. In each iteration, 
instead of computing the net measures from scratch, 
the delay targets determined in the previous iteration 
are used as the net measures at block 54. Thus the 
existing delay targets are taken into account in the 
computation of path slacks and path weights at 
blocks 108 and 110. The calculation at block 112 now 
becomes an adjustment to the current net delay target 
(rather than an absolute delay value), and is added to 
the current net delay target. Prior experience shows 
that approximately 4 to 5 iterations are generally suf- 
ficient for the targets to converge to values that are 
nearly as "loose" as possible while guaranteeing tim- 
ing correctness (see the Youssef and Shragowitz pa- 
per). 

Thus, in accordance with the invention, appor- 
tionment is performed on both nets and macro cells 
as the entities to which R/C/RC are to be apportioned, 25 
and the apportionment on the various entities is 
biased by using a weightage for each net and macro 
cell equal to the associated net measure. 

Note that nets and macro cells are both treated 
as uniform entities in the latter step of the loop; i.e., 30 
slack is distributed among both nets and macro cells 
at the same time. This is in direct contrast to the tra- 
ditional approach, in which the cells are treated as 
predesigned entities with known timing behavior, 
which can therefore not be used in a top-down hier- 35 
archical design methodology. 

The net targets generated by the present inven- 
tion can be used by a timing-driven floorplanner to 
carry out a floorplanning process on the top level of 
the design. Subsequently, the procedure in accor- 40 
dance with the invention can be invoked recursively 
on each macro cell to generate targets on the lower- 
level nets and cells and then run timing-driven floor- 
planning/placement on the lower level entities. Thus, 
the hierarchical target generation solution presented 45 
here makes it possible to carry out a true top-down hi- 
erarchical timing-driven design methodology, where 
net length constraints are propagated bottom-up in 
the form of net measures and timing targets are 
propagated top-down as the design methodology pro- so 
ceeds. 

Further, the solution proposed here is able to 
work with hierarchical designs because: (i) at each 
level of the hierarchy it can apportion capacitance and 
delay between both nets and macro cells, since both 55 
are entities to be designed in a hierarchical method- 
ology; (ii) it predicts and takes into account the ex- 
pected net lengths at lower hierarchy levels inside the 



macro cells and uses this information to intelligently 
apportion targets at upper hierarchy levels. 

By way of explanation, and without limitation to 
the present invention, the definition of net measure 
5 can be modified so that the net measure value of a 
net reflects not only the delay of the net but also the 
portion of the delay of the cell driving it that is caused 
by the capacitive loading effect of the net. In this case 
the procedure of blocks 24 and 42 would be modified 
10 accordingly for computing net measures, as well as 
the procedure at block 112 for apportioning delays to 
nets. At block 112, the new net measure apportioned 
to a net would reflect the sum of the net delay and the 
load-dependent delay of the cell feeding it. This ex- 
15 tension of the method would make it sensitive to va- 
riations in cell delays due to the capacitive loading of 
the nets themselves. 



20 Claims 

1 . A method of generating delay targets for creating 
a multilevel hierarchical circuit design, compris- 
ing the steps of: 

(a) providing a hierarchical design description 
and delay constraints of the multilevel hier- 
archical circuit design, wherein the hierarchi- 
cal design description describes the interrela- 
tionship between cells, including macro cells, 
input/output ports and nets in the multilevel 
hierarchical circuit design; 

(b) generating a net measure for each net and 
macro cell of the multilevel hierarchical circuit 
design and generating an abstract delay mod- 
el for each macro cell of the multilevel hier- 
archical circuit design based on the hierarch- 
ical design description, wherein net measure 
is the estimated resistive-capacitive delay of 
a net derived from the estimated length of the 
net based on area-driven design, and an ab- 
stract delay model is a description of delays 
through a macro cell; 

(c) generating delay targets for the nets and 
macro cells based on the net measures, the 
abstract delay models and the delay con- 
straints; and 

(d) creating the multilevel hierarchical circuit 
design based on said delay targets. 

2. The method of claim 1 , wherein step (b) compris- 
es the steps of: 

(e) determining the net measure of each net in 
the multilevel hierarchical circuit design; 

(f) determining delay of the longest delay 
path, if any, from the input port to the output 
port for each paired input/output port of each 
macro cell in the multilevel hierarchical circuit 
design; 
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(g) determining the net measure of each said 
longest delay path; and 

(h) determining delay and net measure for 
each input and output port of each macro cell; 

wherein the abstract delay model for each macro s 
cell comprises the delays determined for the 
macro cell in steps (f) and (h). 

3. The method of claim 2, wherein, if a net has a 
known path, then step (e) comprises using esti- 10 
mated resistive-capacitive delay for said known 
path for determining net measure of the net 

4. The method of claim 2, wherein, if a net does not 
have a known path, but the net has end-points 15 
that are fixed, then step (e) comprises using es- 
timated resistive-capacitive delay based on a 
Steiner tree topology for said known path for de- 
termining net measure of the net. 

20 

5. The method of claim 2, wherein, if a net does not 
have a known path, and the net has end-points 
that are not fixed, but the net has a specified net 
measure, then step (e) comprises accessing the 
specified net measure for the net and using the 25 
specified net measure. 

6. The method of claim 2, wherein, if a net does not 
have a known path, and the net has end-points 

that are not fixed in location, and the net does not 30 
have a specified net measure, then step (e) com- 
prises determining an estimated average con- 
nection length for the net and determining net 
measure for each source/sink pair of the net using 
estimated resistive-capacitance delay for said 35 
estimated average connection length for deter- 
mining net measure of the net. 

7. The method of any of the claims 2 to 6, wherein 
step (h) comprises the steps of: 40 
determining delay of the longest delay path, if 
any, from each input port to a latch within the 
macro cell, and delay of the longest delay path to 
each output port from a latch within the macro 

cell; and 45 
determining net measure of each said longest 
path delay. 

8. The method of any of the claims 1 to 7, wherein 
step (c) comprises the steps of: 50 

(i) setting an arrival time and a required arrival 
time for each port of each latch cell child and 
each port of each macro cell child of each 
macro cell that has a path to or from a latch 
within the macro cell; 55 
0) determining path slack and path weight for 
each port and each child cell of each macro 

cell that has a required arrival time specified 



therefor; 

(k) determining path slack and path weight for 
each net and each child cell of each macro 
cell; 

(I) determining a delay target for each net and 
each macro cell child of each macro cell; and 
(m) determining timing contraints for each 
macro cell child of each macro cell. 

9. The method of claim 8, wherein step (i) comprises 
setting an arrival time and a required arrival time 
for each macro cell child based on clocking 
scheme and delay constraints of the multilevel hi- 
erarchical circuit design. 

1 0. The method of claim 8 or 9, wherein step (|) com- 
prises the steps of: 

(n) setting arrival times and path weights for 
each net and each child cell of each macro cell 
based on arrival time and path weight of the 
nets feeding each child cell and the child cells 
feeding each net, wherein the path weight of 
a net or child cell is the sum of its net measure 
and the maximum path weight among the 
child cells or nets feeding it and 
(o) determining path slack of each net that has 
a required arrival time specified therefor as 
the difference between its required arrival 
time and arrival time. 

11. The method of any of the claims 8 to 1 0, wherein 
step (k) comprises determining path slack and 
path weight for each net and child cell based on 
the path slack and path weight of the child cells 
and nets fed by the net, wherein the path slack of 
a net is the minimum path slack among the child 
cells fed by the net, and wherein the path weight 
of a net is the maximum path weight among the 
child cells fed by the net, and wherein the path 
slack of a child cell is the minimum path slack 
among the nets fed by the child cell, and wherein 
the path weight of a child cell is the maximum 
path weight among the nets fed by the child cell. 

12. The method of any of the claims 8 to 11, wherein 
the timing constraints at step (m) comprise arriv- 
al times and required arrival times for the macro 
cells generated based on static timing analysis. 
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